radiolabeling with L-[(S]methionine revealed that the 90-kDa recombinant protein is the major protein synthesized at the time of peak activity after infection. An anti-peptide antibody directed against residues 86-99 reacted with bovine liver carboxylase on Western blot analysis and immunoprecipitated recombinant carboxylase from infected Sf9 microsomal protein preparations. Since Sf9 insect cells lack endogenous vitamin K-dependent carboxylase activity, expression of carboxylase activity in Sf9 insect cells with recombinant baculovirus demonstrates that the protein encoded by this cDNA is a vitamin K-dependent rglutamyl carboxylase.
Vitamin K-dependent ycarboxylation is a physiologically important post-translational modification of blood clotting proteins prothrombin, factor VII, factor IX, and factor X, regulatory proteins of blood coagulation, protein C and protein S, and two proteins of bone, osteocalcin and matrix ycarboxyglutamic acid (Gla) protein (1) . In what is the only known enzymatic reaction dependent on vitamin K, specific glutamic acid residues are carboxylated at the y-carbon position to form Gla (2) (3) (4) . There are 10-12 Gla residues in the blood clotting proteins located near the N termini. The Gla residues are critical components of a structural domain, the Gla domain, responsible for promoting calcium iondependent interactions of these proteins with membrane surfaces. The membrane binding properties of the blood clotting proteins are essential for their biological activity.
A microsomal y-glutamyl carboxylase activity that is vitamin K-dependent catalyzes this post-translational modification (5) . The carboxylase is an integral membrane protein that resides in the endoplasmic reticulum (6) . Carboxylation of substrate proteins requires vitamin K hydroquinone, molecular oxygen, and carbon dioxide (7) . The propeptides of the vitamin K-dependent proteins have highly conserved
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sequences (8) that contain a 'y-carboxylase recognition site necessary for binding ofcarboxylase to protein substrates (9) .
While a considerable amount of information concerning carboxylase function has been generated with crude preparations of the enzyme, detailed mechanistic analyses of this unique vitamin K-dependent enzyme have been impeded by its low abundance, its instability, and difficulty in solubilization and purification of sufficient quantities of the enzyme. By using an affinity-purification strategy in which the propeptide is used to bind to the carboxylase (10), the propeptide of factor IX was used to affinity purify bovine liver carboxylase (11) . The cDNAs encoding the entire protein sequence of the 94-kDa human liver carboxylase (12) and bovine liver carboxylase (13) (20) . Suspension cultures >100 ml were adjusted to 0.1% pluronic surfactant F-68 (JRH Biosciences, Lenexa, KS) to protect the cells from hydrodynamic stress observed in large suspension cultures (21) .
Production of Recombinant Baculovirus. Cotransfection of 2.0 x 106 Sf9 cells was performed with 1 &g of linearized wild-type Autographa californica nuclear polyhedrosis virus (AcMNPV) baculovirus DNA (Invitrogen) and 3 ug of either pBLII/bCbx or pBLII using cationic liposomes (Invitrogen).
Recombinant baculovirus generated with the pBLII transfer vector also contains the gene for 3-galactosidase under control of the AcMNPV ETL promoter (22) , such that viral clones of recombinant baculovirus generated with this transfer vector give rise to blue plaques in the presence of 5-bromo-4-chloro-3-indolyl f3-D-galactoside that demonstrate an occlusion-negative phenotype. Viral clones of recombinant baculovirus (either vbCbx/AcMNPV, encoding carboxylase, or vBLII/AcMNPV, a control virus without carboxylase cDNA) were plaque-purified, propagated by passage in Sf9 cells infected at low multiplicity of infection (0.1-0.5 plaque-forming unit per cell), and titered by plaque assay (20) .
Expression of Recombinant Protein. Metabolic radiolabeling studies were performed in Sf9 cells grown as adherent cell monolayers in 24-well tissue culture plates. Sf9 cells (6 x 105 cells) were infected at high multiplicity of infection (10 plaque-forming units per cell) and were grown in complete TNM-FH for the specified time interval after infection. Medium was changed to methionine-deficient Grace's insect medium and incubated at room temperature for 1 h to deplete intracellular methionine pools, prior to exchange with fresh methionine-deficient Grace's insect medium supplemented with L-[35S]methionine at 100,Ci/ml (1180 Ci/mmol; 1 Ci = 37 GBq; Du Pont/New England Nuclear). Cells were then incubated for 1 h at 27°C followed by chilling on ice. Cells were collected by centrifugation for 5 min at 1000 x g and then washed three times by resuspension in ice-cold Grace's insect medium followed by centrifugation for 5 min at 1000 x g prior to further analysis. Radiolabeled cells were resuspended in reducing SDS/PAGE loading buffer, sonicated in a water-bath sonicator for 2 min, and boiled for 5 min, and equivalent volumes were analyzed by reducing SDS/PAGE in 10% gels. Samples that were not radiolabeled were resuspended in 25 mM Mops, pH 7.0/0.5 M NaCl/5% (vol/vol) glycerol and sonicated with a microtip ultrasonic probe (Heat Systems-Ultrasonics, model W-220) prior to protein quantitation and carboxylase activity analysis. Samples not used immediately were stored at -80°C.
Large-scale protein expression was performed with Sf9 cells propagated and infected in suspension culture. Cells were infected at high multiplicity of infection (10 plaqueforming units per cell) and harvested 2-3 days after infection by centrifugation at 1000 x g for 10 min at 4°C. All further processing was done with ice-cold buffers or at 4°C, unless otherwise stated. Cell pellets were washed once by resuspension in phosphate-buffered saline (137 mM NaCl/2.7 mM KCl/4.3 mM Na2HPO4/1.5 mM KH2PO4, pH 7.4), followed by a repeat centrifugation. Washed cell pellets were resuspended in a hypotonic lysis buffer (10 mM Mops, pH 7.0/10 mM KCl/1 mM MgCl2) supplemented with protease inhibitors [phenylmethylsulfonyl fluoride (100 ug/ml)/leupeptin (0.5 pg/ml)/pepstatin A (1.0 ,ug/ml)/aprotinin (2.0 Atg/ml)].
After a 5-min incubation, cells were lysed with 20 strokes in a Dounce homogenizer followed by eight 15-sec pulses with a Polytron (Brinkmann PT 3000) tissue homogenizer at a setting of 20. Nuclei were sedimented at 600 x g for 5 min. Microsomes were collected from the postnuclear supernatant by centrifugation at 100,000 x g for 60 min. Microsomal pellets were resuspended in 25 mM Mops, pH 7.0/0.5 M NaCl/5% glycerol/protease inhibitors (as above) and sonicated with a microtip ultrasonic probe prior to further analysis.
Antibody Purification. A 14-aa synthetic peptide corresponding to residues 86-99 in the bovine carboxylase sequence was synthesized, and the peptide was conjugated to ovalbumin and used to immunize New Zealand White rabbits (13) . Anti-carboxylase-(86-99) antibodies were affinitypurified as described (13 Bovine Liver Carboxylase Purification. Isolation of microsomes from fresh bovine liver was performed as described (10) . Carboxylase was solubilized with CHAPS and concentrated by precipitation with ammonium sulfate. The ammonium sulfate-precipitated enzyme was resuspended, sonicated, and affinity-purified essentially as described (11) using FIX59Q/S as an immobilized affinity ligand. FIX59Q/S was synthesized using solid-phase 9-fluorenylmethyloxycarbonyl chemistry on an Applied Biosystems model 430A peptide synthesizer as recommended by the manufacturer. The cleavage reactions were performed in thioanisole/ethyl methyl sulfide/water/trifluoroacetic acid, 5:2.5:5:87.5 (vol/ vol), for 3 h at 25°C. Proteins were analyzed by electrophoresis in SDS/10% polyacrylamide gels under reducing conditions and silver stained using the Daiichi silver stain kit (ISS, Natick, MA) as recommended by the manufacturer.
In Vitro Carboxylase Activity. 14CO2 incorporated into the pentapeptide substrate FLEEL (Phe-Leu-Glu-Glu-Leu) ( (Fig.  2, lane 4, arrow) . This molecular mass is similar in size to the expected 94 kDa of purified bovine carboxylase (11) or recombinant carboxylase expressed in mammalian cells (13) . Lysates of wild-type AcMNPV-infected cells revealed the predominant 29-kDa polyhedron protein (Fig. 2, lane 2) . Lysates of control virus-infected cells were consistent with the disruption of the polyhedron gene in that the polyhedron protein was not observed (Fig. 2, lane 3 To demonstrate that the carboxylase activity in the vbCbx/ AcMNPV-infected Sf9 cells was conferred by the newly synthesized recombinant protein, antibodies were generated against a 14-aa synthetic peptide corresponding to an N-terminal hydrophilic region of the carboxylase [SSLDRRYL-DGLEVC, residues 86-99; carboxylase-(86-99)]. The sequence of the synthetic peptide was based upon the cDNA sequence of the bovine carboxylase. Purified anticarboxylase-(86-99) antibodies were used in Western blot analysis of bovine liver microsomes estimated to be 100-fold enriched for carboxylase. After analysis by SDS/PAGE and silver staining, the protein pattern revealed the presence of many bovine liver microsomal proteins (Fig. 3, lane 1) . None of these bands were reactive with preimmune immunoglobulin (Fig. 3, lane 2) . However, purified anti-carboxylase-(86-99) antibody reacted with the 94-kDa protein band, consistent with the size of the purified protein (11) (Fig. 3, lane 3) . This antibody has previously been shown to react with recombinant -tcarboxylase expressed from the same cDNA in Chinese hamster ovary (CHO) cells (13) , and it specifically reacts with recombinant -t-carboxylase when expressed in baculovirus-infected Sf9 insect cells (data not shown). When larger quantities of recombinant protein from CHO cells (13) or insect cells were analyzed on Western blots, a higher molecular mass band of =200 kDa could also be detected. This band was observed when metabolically radiolabeled protein from vbCbx/AcMNPV-infected Sf9 cells was analyzed (Fig.  2, lane 4) and when purified bovine liver carboxylase was affinity labeled with N-bromoacetyl-FLEELY (28).
Reactivity of the anti-carboxylase486-99) antibody with recombinant carboxylase from vbCbx/AcMNPV-infected Sf9 cells was evaluated. Microsomal protein was prepared from vbCbx/AcMNPV-infected Sf9 cells and recombinant carboxylase was solubilized with CHAPS, ammonium sulfateprecipitated, and dialyzed extensively against TBS/0.1% CHAPS. The dialysate was precleared of insoluble aggregates by centrifugation and the activity of the preparation was determined prior to incubation with antibodies. Equal quantities of recombinant carboxylase activity (15 units) were incubated with various quantities of either preimmune immunoglobulin or purified anti-carboxylase-(86-99) antibody as indicated in Fig. 4 DISCUSSION yGlutamyl carboxylation is a critical posttranslational modification of the vitamin K-dependent blood coagulation and regulatory proteins in that the formation of -carboxyglutamic acid is required for protein function. The modification of specific glutamic acid residues to Gla residues promotes metal-ion-dependent interactions of the blood coagulation proteins with membrane surfaces enabling these proteins to express full biological activity. A recognition unit, termed the y-carboxylation recognition site (9, 24, 29) , resides adjacent to an amphipathic a-helix on the propeptide of the precursor forms of the vitamin K-dependent blood clotting proteins (30) . This recognition element binds to the carboxylase and directs the vitamin K-dependent carboxylation ofthe specific glutamic acid residues. A detailed analysis of this unique vitamin K-dependent process has been hampered by the difficulty in obtaining stable highly purified carboxylase in suitable quantity.
Using a synthetic propeptide based upon the structure of proprothrombin, bovine liver carboxylase was significantly purified by affinity chromatography (10). However, a major protein contaminant, BiP (hsp78 or glucose-regulated protein), an abundant protein in the endoplasmic reticulum, copurified with carboxylase. Using a modification of this affinity-purification strategy, a recombinant peptide corresponding to the propeptide plus Gla domain of factor IX was used to purify a 94-kDa bovine liver carboxylase to near homogeneity (11) . This preparation of purified enzyme exhibited high specific carboxylase activity. Expression of the human and bovine cDNAs corresponding to the 94-kDa bovine liver protein results in carboxylase activity above the endogenous activity level in transfected mammalian cells (12, 13 fected cDNA and a protein that augments endogenous carboxylase activity. For this reason, the evidence that the original cDNA encodes the putative carboxylase remains circumstantial. Furthermore, affinity purification of bovine liver carboxylase, exploiting the association of the enzyme with proprothrombin, has resulted in the purification of a 98-kDa protein thought to represent a vitamin K-dependent carboxylase with higher specific activity than the 94-kDa protein (14) . The relationship of this 98-kDa protein to the bovine protein we have expressed is currently unknown. Thus, definitive identification of the vitamin K-dependent 'y-glutamyl carboxylase is lacking.
The expression of vitamin K-dependent carboxylase activity in Sf9 insect cells, which lack endogenous activity, strongly supports the notion that the 94-kDa bovine liver protein encoded by this cDNA is a vitamin K-dependent t-glutamyl carboxylase. Furthermore, anti-carboxylase antibodies, specific for bovine liver carboxylase on Western blots, recognize recombinant carboxylase on Western blots and immunoprecipitate recombinant carboxylase activity from vbCbx/AcMNPV-infected Sf9 cells. In addition, the purified 94-kDa protein from bovine liver, which is recognized by the anti-carboxylase antibody, was affinity-labeled with N-bromoacetyl-FLEELY, a substrate for carboxylase, and an irreversible time-dependent inactivator of the enzyme (28) . Thus these data demonstrate that the cDNA corresponding to the 94-kDa protein represents one gene encoding a vitamin K-dependent -glutamyl carboxylase.
The estimated molecular mass of recombinant carboxylase expressed in insect cells (90 kDa) is less than the native protein (94 kDa) isolated from bovine liver or the recombinant carboxylase (94 kDa) expressed in CHO cells (13) . Differences in higher-order glycosylation are known to exist between insect cells and mammalian cells (17) . With eight potential N-linked glycosylation sites, differences in glycosylation are likely to account for the discrepancy in size. The vitamin K-dependent carboxylation of the pentapeptide substrate FLEEL and the stimulation of FLEEL carboxylation by addition of factor IX propeptide during the in vitro carboxylation reaction suggests that, despite putative differences in glycosylation, recombinant carboxylase synthesized in insect cells retains active-site reactivity toward glutamic acid and retains the ability to bind the 'y-carboxylase recognition site present in the propeptide of substrate proteins.
The expression of the 94-kDa vitamin K-dependent carboxylase in baculovirus-infected insect cells will allow for the heterologous expression of mutant forms of carboxylase in the absence of contaminating endogenous wild-type activity and should permit detailed structure-function analysis of the enzyme. Further mechanistic analyses with purified enzyme should shed light on the role of vitamin K as a cofactor in this enzymatic reaction.
